Despite lacking the adaptive immunity that is found in higher vertebrates, insects are able to defend themselves from a large battery of pathogens by multiple innate immune responses using molecular mechanisms that are strikingly similar to the innate immune responses of other multicellular organisms, including humans. The fruit fly Drosophila melanogaster is therefore an excellent model organism for studying the basic principles of innate immunity using genetic and molecular biology techniques. In Drosophila, invading pathogens that pass through the epithelial barriers (a first line of self-defense) can encounter humoral and cellular responses that utilize pattern-recognition receptors to identify pathogen-associated molecular patterns in the hemolymph or on the immune cell surface. Some pathogens escape recognition and elimination in the hemolymph by invading the host cytoplasm. Some intracellular pathogens such as Listeria monocytogenes are, nevertheless, eliminated by immune reactions such as autophagy through intracellular identification by pattern-recognition receptors.
Introduction
The fruit fly Drosophila melanogaster has emerged as a very useful organism for studying the basic principles of innate immunity because of the evolutionary conservation of innate immunity genes, pathways and effector mechanisms and the well-established techniques for manipulating fruit fly genetics and molecular biology. Isolation of Drosophila mutants that had deficient immune responses against bacterial and fungal infections and subsequent genetic screens revealed two conserved signaling cascades-the Toll and imd pathwaysboth of which lead to the activation of nuclear factor jB (NF-jB) family transcription factors (1) . The initial discovery that the Toll pathway is required for immune responses in Drosophila (2) led directly to the demonstration that vertebrate Toll-like receptors (TLRs) are also required for mammalian immunity (3, 4) .
The frontline of insect host defense is epithelial tissues such as the epidermis and trachea, which not only act as mechanical barriers but also produce anti-microbial peptides. Pathogens passing through the epithelial barrier encounter cellular and humoral defense reactions in the hemolymph ( Fig. 1) (5) . The cellular reactions include phagocytosis and encapsulation by host cells. The humoral reactions include the activation of cascades of constitutive proteins present in the hemolymph, such as those in the prophenoloxidase (proPO) cascade, leading to melanization (deposition of melanin pigments onto pathogens and the wounded sites) and the coagulation cascade, and the activation of intracellular signaling pathways that produce defense proteins such as anti-microbial peptides in immuneresponsive tissues and cells.
Drosophila mutants that fail to produce anti-microbial peptides are susceptible to bacterial and fungal infections, indicating that anti-microbial peptide induction has an important role in insect host defense systems. In response to microbial infections, seven different types of anti-microbial peptides (Attacin, Cecropin, Defensin, Diptericin, Drosocin, Drosomycin and Metchnikowin) with different anti-microbial specificities are secreted into the hemolymph from the fat body in Drosophila; the fat body is the functional equivalent of the mammalian liver. The induction of anti-microbial peptides is mediated by the Toll and imd pathways in Drosophila (Fig. 2) , in which Toll and imd are pivotal molecules and which are mechanistically similar to the mammalian TLR/IL-1R signaling pathway and tumor necrosis factor a receptor signaling pathways, respectively (1, 5) . This review focuses on the pathogen-recognition systems that mediate Drosophila immune responses.
Microbial recognition in the Toll and imd pathways
The Toll pathway is activated primarily in response to fungal and some Gram-positive bacterial infections, whereas the imd pathway is activated predominantly in response to Gram-negative and other Gram-positive bacterial infections (6) . Therefore, Drosophila possesses specific mechanisms to distinguish different pathogens. In innate immunity, conserved molecular patterns of pathogens are thought to be identified by so-called pattern-recognition receptors of the host defense systems (7) .
In contrast to mammalian TLRs, which recognize pathogen components such as lipopolysaccharides, the ligand of the Drosophila Toll receptor is Spä tzle (Spz), which is produced by proteolysis of an endogenous protein, pro-Spz, in response to infection. Therefore, Drosophila Toll does not act as a pattern-recognition receptor but rather mediates the downstream signaling of such receptors. In Drosophila, some peptidoglycan recognition protein (PGRP) family members and Gram-negative-binding protein (GNBP) family members act as pattern-recognition receptors upstream of either the Toll pathway or the imd pathway.
PGRP and GNBP were first purified from the hemolymph of the silkworm, Bombyx mori, on the basis of their affinity to peptidoglycan (a cell wall component of bacteria) and to Gram-negative bacteria, respectively (8, 9) . Later, cDNA cloning of these proteins revealed that they are evolutionarily conserved: there are 13 members in Drosophila; 7 members in the mosquito, Anopheles gambiae and 4 members in both mouse and humans as PGRP families; GNBPs belong to the family of b-glucan-binding proteins (10) (11) (12) (13) (14) . In Drosophila, there are two classes of PGRP genes: those with long transcripts (e.g. PGRP-LB and -LC) and those with short transcripts (e.g. PGRP-SA and -SD). The PGRP family has a PGRP domain in the C-terminal region, which has some amino acid sequence similarity to peptidoglycan-degrading enzymes with N-acetylmuramyl-alanine amidase activity, such as bacteriophage lysozymes.
Upstream of the Toll pathway, PGRP-SA, PGRP-SD, GNBP1 and GNBP3 act as pattern-recognition receptors. PGRP-SA, a hemolymph protein identified from a loss-offunction mutant screen, is required for activation of the Toll pathway in response to Gram-positive bacterial infections (15) . PGRP-SA cooperates with GNBP1 to activate the Toll pathway in response to Gram-positive bacteria (16) . PGRP-SD has some redundancy and recognizes Gram-positive bacteria with PGRP-SA and GNBP1 (17) . GNBP3 is required for activation of the Toll pathway in response to fungal infections including yeast (18) . Downstream of these recognition receptors, pro-Spz is cleaved by a serine protease, the Spzprocessing enzyme (SPE) (19) . SPE-mediated processing is regulated by several serine proteases such as Persephone, Spirit, Spheroide, Sphinx, Grass and ModSP (20) (21) (22) (23) .
On the other hand, PGRP-LC and PGRP-LE act as pattern-recognition receptors upstream of the imd pathway. PGRP-LC, a membrane PGRP family member, is required for activation of the imd pathway in response to Gram-negative bacterial infections (24) (25) (26) .
The susceptibility of the PGRP-LC mutant to Gramnegative bacterial infections is higher than that of other imd pathway mutants, suggesting that there is an activator of the imd pathway in addition to PGRP-LC (24) . Consistent with this hypothesis, PGRP-LE, a constitutive hemolymph protein, selectively activates the imd pathway (27) . The PGRP-LC/PGRP-LE double-mutant is much more susceptible to Escherichia coli infection than either single mutant alone, indicating that PGRP-LC and PGRP-LE have redundant functions in producing resistance to Gram-negative bacterial infections (27) . PGRP-LE activates the proPO cascade, which branches from the PGRP-LE-mediated activation of the imd pathway upstream of a serine protease in the proPO cascade called proPO-activating enzyme (27, 28) . In addition to the extracellular functions of PGRP-LE in the hemolymph, PGRP-LE acts as a co-receptor of PGRP-LC on the surface of immune cells and as an intracellular receptor in immunereactive cells as mentioned below (29) .
Drosophila PGRP family members distinguish the structural diversity of peptidoglycans (30) . Peptidoglycans are essential cell wall components of almost all bacteria except mycoplasma, which lacks a cell wall. The peptidoglycan layer is thicker in Gram-positive bacteria than Gram negative. Peptidoglycan is a polymer of b-1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) that can be cross-linked by short stem peptides. The glycan chain is relatively conserved in all bacteria, whereas the amino acid composition of the cross-linking stem peptides and the linkage between stem peptides are diversified depending on the bacterial species (31).
Many Gram-negative bacteria and some Gram-positive bacteria such as the Bacillus species have directly crosslinked diaminopimelic acid (DAP)-containing peptidoglycans and preferentially activate the imd pathway in Drosophila. Many Gram-positive bacteria have peptidoglycans containing lysine instead of DAP with cross-linking peptides between stem peptides and preferentially activate the Toll pathway. Consistent with the finding that PGRP-LE selectively activates the imd pathway in vivo, PGRP-LE selectively binds to DAP-type peptidoglycans, but not to Lys-containing peptidoglycans in vitro (27) . PGRP-LC is required for DAPtype peptidoglycan-mediated activation of the imd pathway in vivo and in vitro (32, 33) .
The minimum structure of the DAP-type peptidoglycan required for PGRP-LC-mediated activation of the imd pathway is a monomer of GlcNAc and MurNAc with an internal 1,6-anhydro bond attached to a tripeptide containing DAP, known as tracheal cytotoxin (TCT) (34) . The heterodimer complex of PGRP-LCx (an isomer of PGRP-LC that has affinity to all types of peptidoglycans) and PGRP-LCa (which has no affinity for peptidoglycans) acts as a TCT receptor, and the PGRP-LCx homodimer complex acts as a receptor for polymeric DAP-type peptidoglycan in vitro (35) . The structures of the PGRP domain of PGRP-LE and the TCT complex suggest that the binding of the ligand to PGRP-LE mediates receptor polymerization (36) .
These results are consistent with the findings that PGRP-LC and PGRP-LE act synergistically to resist bacteria with DAP-type peptidoglycans such as E. coli and Bacillus megaterium. The minimum structure of the Lys-type peptidoglycan required for PGRP-SA-mediated activation of the Toll pathway comprises two units consisting of GlcNAc-MurNAc attached to Lys-containing tetrapeptides that are covalently dimerized by an interpeptide (37) . Drosophila PGRP family members therefore distinguish the structural diversity of peptidoglycans and activate the appropriate immune responses.
In addition to PGRPs acting as pattern-recognition receptors, PGRP family members such as PGRP-SC and PGRP-LB have enzyme activity that hydrolyzes the lactylamide bond between the glycan strand and the stem peptides of peptidoglycans (38) (39) (40) . The N-acetylmuramyl-alanine amidase activity is consistent with the structural similarity of the PGRP domain to N-acetylmuramyl-alanine amidase that was mentioned earlier. The degraded peptidoglycans lose their ability to stimulate immune responses, suggesting a scavenger function of the enzyme PGRP family members and negative feedback regulation of immune responses by enzymic PGRP family members (41) .
Intracellular roles of PGRP-LE
Mosaic analysis (in which mutant cells exist alongside wildtype ones) that was based on clonal expression of a single gene in Drosophila revealed that, in the fat body, PGRP-LE activates the imd pathway in a non-cell-autonomous manner, which is due to the extracellular function of PGRP-LE, as described above (28) . In the malphigian tubules (the functional equivalent of the mammalian kidney), however, PGRP-LE activates the imd pathway to induce anti-microbial peptides in a cell-autonomous manner (28) . The suggestion of an intracellular function of PGRP-LE is supported by the findings that the delivery of TCT into S2 cells (a Drosophila macrophage-like cell line) induces anti-microbial peptides in a PGRP-LE-dependent manner (29) . A conserved motif in PGRP-LE and PGRP-LC is required for their intracellular signal transduction and shows sequence similarity with the receptor-interacting protein (RIP) homotypic interaction motif (RHIM) in mammalian Toll/IL-1R-containing adaptorinducing IFN-b (TRIF) and RIP1, which are required for TRIF-mediated and TLR3-mediated NF-jB activation, respectively, suggesting an evolutionarily conserved signaling mechanism (29) .
The intracellular function of PGRP-LE suggests that PGRP-LE is involved in the recognition of intracellular bacterial pathogens. Intracellular pathogens, a diverse group of organisms that cause such serious diseases as tuberculosis and malaria in humans, invade cells and are thus able to escape humoral and cell surface innate immune receptors (42) . Supporting this hypothesis, the PGRP-LE mutant is susceptible to infection by Listeria monocytogenes, an intracellular bacterium with DAP-containing peptidoglycans that PGRP-LE-and PGRP-LC-mediated pathogen recognition in Drosophila 145 infects both mammals and Drosophila (43) . In contrast to Gram-negative bacterial infections, the survival rate of the double-mutant PGRP-LE/PGRP-LC to L. monocytogenes infection is similar to that of the PGRP-LE mutant, suggesting that PGRP-LE and PGRP-LC do not have redundant functions in producing resistance to L. monocytogenes (43) .
In vitro infection experiments using phagocytic insect blood cells called hemocytes revealed that PGRP-LE is essential for the resistance against intracellular growth of bacteria, but, interestingly, inhibition of the bacterial growth is not dependent on the known innate immune signaling pathways, the Toll and imd pathways (43) . In mammals, autophagy-a bulk self-degradation system for the turnover of proteins and organelles that is conserved from yeast to humans (44)-functions as an innate immune response against intracellular bacteria, viruses and parasites in cultured cells (45) (46) (47) (48) (49) (50) (51) . In Drosophila, autophagy is induced in hemocytes in response to L. monocytogenes infection and is crucial for host survival against Listeria infection as well as for the inhibition of bacterial growth in hemocytes (43) ; similarly, autophagy is induced in mammalian cells infected with intracellular pathogens.
PGRP-LE is co-localized with infected L. monocytogenes in the cytoplasm and is required for the intracellular infectiondependent induction of autophagy in hemocytes (43) . PGRP-LE is also required for the autophagy in hemocytes that is mediated by DAP-type peptidoglycan, but not for autophagy mediated by Lys-type peptidoglycan, suggesting the existence of another intracellular sensor for bacteria having Lystype peptidoglycans (43) . Consistent with these findings, intracellular bacterial growth is not suppressed in S2 cells in which PGRP-LE is not expressed, but forced expression of PGRP-LE suppresses intracellular bacterial growth in S2 cells (43) .
The PGRP-LE-dependent suppression of intracellular bacterial growth is thus mediated by autophagy but not by the Toll and imd pathways (43) . In this situation, the induction of anti-microbial peptides in response to L. monocytogenes infection in S2 cells is PGRP-LE dependent. The induction of anti-microbial peptides is mediated by the imd pathway, but not by the common autophagy pathway (43) . Therefore, PGRP-LE has an essential role in detecting intracellular bacteria through DAP-type peptidoglycans to induce autophagy as an innate immune response, which indicates a direct link between pathogen recognition and the induction of autophagy (Fig. 3) . The pathway linking pathogen sensors and autophagy is independent of the known innate immune signaling pathways-the Toll and imd pathways.
Concluding remarks
In Drosophila, some PGRP family members and GNBP family members act as pathogen sensors. PGRP-LE and PGRP-LC play a crucial role in detecting extracellular and intracellular bacteria with DAP-type peptidoglycans to induce various innate immune responses such as anti-microbial peptide production, melanization and autophagy. As the conserved RHIM-like domain of PGRP-LE and PGRP-LC is required for the induction of anti-microbial peptides, PGRP-LE and PGRP-LC are suggested to share a common intracellular mechanism to activate the imd pathway.
PGRP-LE-mediated induction of autophagy is independent of the imd pathway, suggesting that another intracellular signaling pathway links cytoplasmic receptors and autophagy. There are several cytoplasmic pathogen sensors such as nucleotide-binding oligomerization domain-like receptors in mammals (52) . It is important to determine whether mammalian cytoplasmic sensors are involved in the induction of autophagy and, if so, if the mechanism is also conserved in mammals and insects similar to the signaling pathways that lead to the activation of NF-jB family transcription factors. Identification of the pathways and mechanisms of autophagy induced by pathogenic infection and studies involving their manipulation will potentially lead to novel therapeutic treatments of infectious diseases. are recognized by PGRP-LE in the cytoplasm through DAP-type peptidoglycans, which induces autophagy. The bacteria are then killed and degraded in the autophagosomes. PGRP-LE-mediated recognition of intracellular bacteria also activate the imd pathway, which induces the expression of anti-microbial peptides (see Fig. 2 ), but autophagy induction is independent of the imd pathway.
